Casey DP, Madery BD, Pike TL, Eisenach JH, Dietz NM, Joyner MJ, Wilkins BW. Adenosine receptor antagonist and augmented vasodilation during hypoxic exercise. J Appl Physiol 107: 1128 -1137. First published August 6, 2009 doi:10.1152/japplphysiol.00609.2009.-We tested the hypothesis that adenosine contributes to augmented skeletal muscle vasodilation during hypoxic exercise. In separate protocols, subjects performed incremental rhythmic forearm exercise (10% and 20% of maximum) during normoxia and normocapnic hypoxia (80% arterial O2 saturation). In protocol 1 (n ϭ 8), subjects received an intra-arterial administration of saline (control) and aminophylline (adenosine receptor antagonist). In protocol 2 (n ϭ 10), subjects received intraarterial phentolamine (␣-adrenoceptor antagonist) and combined phentolamine and aminophylline administration. Forearm vascular conductance (FVC; in ml ⅐ min Ϫ1 ⅐ 100 mmHg Ϫ1 ) was calculated from forearm blood flow (in ml/min) and blood pressure (in mmHg). In protocol 1, the change in FVC (⌬FVC; change from normoxic baseline) during hypoxic exercise with saline was 172 Ϯ 29 and 314 Ϯ 34 ml ⅐ min Ϫ1 ⅐ 100 mmHg Ϫ1 (10% and 20%, respectively). Aminophylline administration did not affect ⌬FVC during hypoxic exercise at 10% (190 Ϯ 29 ml ⅐ min Ϫ1 ⅐ 100 mmHg Ϫ1 , P ϭ 0.4) or 20% (287 Ϯ 48 ml ⅐ min Ϫ1 ⅐ 100 mmHg Ϫ1 , P ϭ 0.3). In protocol 2, ⌬FVC due to hypoxic exercise with phentolamine infusion was 313 Ϯ 30 and 453 Ϯ 41 ml ⅐ min Ϫ1 ⅐ 100 mmHg Ϫ1 (10% and 20% respectively). ⌬FVC was similar at 10% (352 Ϯ 39 ml ⅐ min Ϫ1 ⅐ 100 mmHg Ϫ1 , P ϭ 0.8) and 20% (528 Ϯ 45 ml ⅐ min Ϫ1 ⅐ 100 mmHg Ϫ1 , P ϭ 0.2) hypoxic exercise with combined phentolamine and aminophylline. In contrast, ⌬FVC to exogenous adenosine was reduced by aminophylline administration in both protocols (P Ͻ 0.05 for both). These observations suggest that adenosine receptor activation is not obligatory for the augmented hyperemia during hypoxic exercise in humans. aminophylline; systemic hypoxia; muscle blood flow SYSTEMIC HYPOXIA augments blood flow to contracting muscles. This increased perfusion is a product of local vasodilation and is proportional to the hypoxia-induced fall in arterial O 2 content, thus preserving muscle O 2 delivery and ensuring it is matched to metabolic demand. This means that the combination of exercise and hypoxia produces an augmented vasodilatation and blood flow relative to exercise under normoxic conditions (6, 31, 33, 40, 41) . This augmented dilation occurs despite enhanced muscle sympathetic vasoconstrictor activity (21, 34, 35) but is not due to reduced ␣-adrenoceptor responsiveness associated with hypoxia (8, 41).
aminophylline; systemic hypoxia; muscle blood flow SYSTEMIC HYPOXIA augments blood flow to contracting muscles. This increased perfusion is a product of local vasodilation and is proportional to the hypoxia-induced fall in arterial O 2 content, thus preserving muscle O 2 delivery and ensuring it is matched to metabolic demand. This means that the combination of exercise and hypoxia produces an augmented vasodilatation and blood flow relative to exercise under normoxic conditions (6, 31, 33, 40, 41) . This augmented dilation occurs despite enhanced muscle sympathetic vasoconstrictor activity (21, 34, 35) but is not due to reduced ␣-adrenoceptor responsiveness associated with hypoxia (8, 41) .
At rest, ␤-adrenergic receptor activation appears to be responsible for nearly half of the augmented hypoxic vasodilation in human skeletal muscle vascular beds (3, 38, 40) . This ␤-adrenergic component includes a nitric oxide (NO)-dependent element (38) , as hypoxic vasodilation in resting muscle is substantially reduced by NO synthase inhibition (4, 38) . In addition to the ␤-adrenergic component, systemic hypoxia elevates resting skeletal muscle interstitial levels of adenosine (23) , and there is a report (22) showing that adenosine receptor antagonists attenuate resting hypoxic forearm blood flow (FBF).
We recently reported that in the absence of overlying sympathetic vasoconstriction, ␤-adrenergic mechanisms contribute to the augmented hypoxic vasodilation during mild forearm exercise. However, the ␤-adrenergic component decreases with increased exercise intensity (40) . This suggests that other local vasodilating factors are responsible for the augmented vasodilation during hypoxic exercise, especially at higher exercise intensities. In this context, adenosine released from the active muscles is thought to be a primary compensatory vasodilator signal during periods of reduced O 2 availability (14, 18 -20) .
Based on this evidence, we tested the hypothesis that adenosine receptor activation contributes to the augmented vasodilation observed during hypoxic forearm exercise. Since the enhanced sympathetic outflow caused by systemic hypoxia can mask skeletal muscle vasodilation during exercise, we examined the role of adenosine-mediated vasodilation during forearm exercise with and without ␣-adrenoceptor blockade.
METHODS

Subjects
A total of eight healthy female subjects (mean age: 28 Ϯ 2 yr) and 13 healthy male subjects (mean age: 27 Ϯ 2 yr) volunteered to participate in two separate protocols. Subjects gave written informed consent and were nonobese, nonsmokers, and not taking any medications (except for oral contraceptives in some women). Studies were performed after subjects had fasted overnight and refrained from exercise and caffeine for at least 24 h. Female subjects were studied during the early follicular phase of the menstrual cycle or the placebo phase of oral contraceptives. All study protocols were approved by the Institutional Review Board.
Rhythmic Forearm Exercise
Forearm exercise was performed with a handgrip device by the nondominant arm at 10% and 20% (5 min each) of each subject's maximal voluntary contraction (MVC; mean: 40 Ϯ 3 kg, range: 21-61 kg) determined at the beginning of each experiment. The weight was lifted 4 -5 cm over a pulley at a duty cycle of 1-s contraction and 2-s relaxation (20 contractions/min) using a metronome to ensure correct timing. The average weight used for forearm exercise in protocol 1 was 3.8 Ϯ 0.4 and 7.5 Ϯ 0.9 kg for 10% and 20% MVC, respectively. The average weight used for forearm exer-cise in protocol 2 was 4.1 Ϯ 0.3 and 8.2 Ϯ 0.6 kg for 10% and 20% MVC, respectively.
Arterial and Venous Catheterization
A 20-gauge, 5-cm catheter was placed in the brachial artery of the exercising arm under aseptic conditions after local anesthesia (2% lidocaine) for the administration of study drugs and to obtain arterial blood samples. The catheter was connected to a three-port connector in series, as previously described in detail (7) . One port was linked to a pressure transducer to allow measurement of arterial pressure and was continuously flushed (3 ml/h) with heparinized saline with a stopcock system to enable arterial blood sampling. The remaining two ports allowed arterial drug administration. Deep venous blood was sampled via an 18-gauge, 3-cm catheter inserted retrograde in an antecubital vein (16) .
FBF
Brachial artery mean blood velocity and brachial artery diameter were determined with a 12-MHz linear-array Doppler probe (model M12L, Vivid 7, General Electric, Milwaukee, WI). Brachial artery blood velocity was measured throughout each condition with a probe insonation angle previously calibrated to 60°. Brachial artery diameter measurements were obtained at end diastole between contractions during steady-state conditions. FBF was calculated as the product of mean blood velocity (in cm/s) and brachial artery cross-sectional area (in cm 2 ) and expressed as milliliters per minute.
Systemic Hypoxia
Hypoxia was generated using a self-regulating partial rebreathe system that clamps end-tidal CO2 at baseline levels despite large changes in minute ventilation during hypoxia (1, 38, 40, 41) . During the hypoxic condition, the level of inspired O 2 was titrated to achieve an arterial O2 saturation (assessed via pulse oximetry) of ϳ80%. CO2 concentrations were monitored (Cardiocap/5, Datex-Ohmeda, Louisville, CO), and ventilation was assessed via a turbine (model VMM2a, Interface Associates, Laguna Nigel, CA).
Pharmacological Infusions
Aminophylline (a nonselective adenosine receptor antagonist) was administered to the forearm via brachial artery catheter at a dose of 200 g ⅐ dl forearm volume Ϫ1 ⅐ min Ϫ1 (22, 24) . To confirm adenosine receptor inhibition, exogenous adenosine was administered at three doses: 3.125, 6.25, and 12.5 g ⅐ dl forearm volume Ϫ1 ⅐ min Ϫ1 intraarterially for 4 min at each dose before and after aminophylline infusion. Phentolamine (a nonselective ␣-adrenoceptor antagonist) was administered at the start of the study (protocol 2) to the forearm via the brachial artery catheter as a loading dose (10 g ⅐ dl forearm volume Ϫ1 ⅐ min Ϫ1 for 5 min) followed by a continuous maintenance dose (25 g/min) . This dose of phentolamine has been shown to effectively inhibit ␣-receptor vasoconstriction (9).
Blood Gas and Catecholamine Analysis
Brachial artery and deep venous blood samples were analyzed with a clinical blood gas analyzer (Bayer 855 Automatic Blood Gas System, Boston, MA) for PO 2, PCO2, O2 content, pH, and O2 saturation. Arterial and venous plasma catecholamine (epinephrine and norepinephrine) levels were determined by HPLC with electrochemical detection.
Experimental Protocols
A schematic diagram of the general experimental design is shown in Fig. 1 . Each subject completed a resting baseline condition (5 min) followed by rhythmic forearm exercise at 10%, which was immediately increased to 20% MVC (5 min each) during normoxia and normocapnic hypoxia. Exposure to normoxia or hypoxia was alternated and randomized. Protocol 1. Resting baseline and forearm exercise (normoxia and hypoxia) were performed during a control (saline) infusion followed by an aminophylline infusion. Due to the long half-life of aminophylline, the aminophylline trial occurred last. A rest period of at least 20 min was allowed between conditions under each drug infusion.
Protocol 2. Resting baseline and forearm exercise (normoxia and hypoxia) were performed during phentolamine infusion followed by an infusion of combined phentolamine and aminophylline. As in protocol 1, a rest period of at least 20 min was allowed between conditions under each drug infusion. During each infusion (saline or aminophylline in protocol 1 and phentolamine or phentolamine ϩ aminophylline in protocol 2) and each condition (normoxia and hypoxia) arterial and venous blood was sampled at rest and at steady-state exercise for blood gas analysis and plasma catecholamine determination.
Data Analysis and Statistics
Data were collected at 200 Hz, stored on a computer, and analyzed offline with signal-processing software (WinDaq, DATAQ Instruments, Akron, OH). Mean arterial pressure was determined from the brachial artery pressure waveform, and heart rate was determined from the electrocardiogram. Values for minute ventilation, end-tidal CO 2, and O2 saturation (pulse oximetry) were determined by averaging minutes 4 and 5 at rest and each exercise intensity. FBF and arterial pressure were determined by averaging values from the 4th minute at rest and each exercise bout. Forearm vascular conductance (FVC) was calculated as follows: FVC ϭ (FBF/arterial pressure) ϫ 100 and was expressed as ml ⅐ min Ϫ1 ⅐ 100 mmHg Ϫ1 . For both rest and exercise, the changes in FBF (⌬FBF) and FVC (⌬FVC) due to hypoxia were calculated by subtracting resting FBF and FVC during normoxia from FBF and FVC values obtained during hypoxia within each drug infusion. Blood gas and catecholamine values were determined from blood samples obtained during normoxia and hypoxia with each drug infusion. The arteriovenous oxygen difference during forearm exercise was calculated by the difference between arterial and Fig. 1 . Schematic diagram of the experimental protocols. Measurements were obtained at baseline and incremental exercise (10% and 20% of maximum voluntary contraction) under normoxic and hypoxic conditions. Protocol 1 was performed during control (saline) and aminophylline (Aph) infusions. Protocol 2 was performed during phentolamine infusion alone and combined phentolamine and aminophylline infusion. ADO, adenosine. venous O2 content. Forearm O2 consumption (V O2) was calculated using the Fick equation as follows: V O2 ϭ FBF ϫ arteriovenous O2 difference. Norepinephrine spillover was estimated as the difference between venous and arterial norepinephrine levels during normoxic and hypoxic exercise.
All values are expressed as means Ϯ SE. To determine the effect of hypoxia with each pharmacological treatment, differences in absolute FBF and FVC at rest (normoxia and hypoxia) and differences in ⌬FBF and ⌬FVC at rest and during each exercise intensity (normoxia and hypoxia) were determined via repeated-measures ANOVA. Hemodynamic, respiratory, blood gases, and catecholamine variables were compared via repeated-measures ANOVA to detect differences between responses during hypoxia at rest and during exercise across pharmacological infusions. Appropriate post hoc analysis determined where statistical differences occurred. Statistical difference was set a priori at P Ͻ 0.05.
RESULTS
Eight subjects (4 men and 4 women) completed protocol 1. One subject did not complete the protocol due to symptoms of vasovagal syncope (precipitous fall in blood pressure and heart rate) during hypoxia and was excluded from the analysis. Those subjects completing protocol 1 were 26 Ϯ 1 yr of age, 171 Ϯ 3 cm in height, and weighed 71 Ϯ 4 kg (body mass index: 24 Ϯ 1 kg/m 2 ). Ten subjects (7 men and 3 women) completed protocol 2. Two subjects failed to complete the entire protocol due to outwardly evident physically labored breathing at some point during a hypoxic condition and voluntarily came off the mouth piece. Those subjects completing protocol 2 were 25 Ϯ 2 yr of age, 175 Ϯ 2 cm in height, and weighed 74 Ϯ 3 kg (body mass index: 24 Ϯ 1 kg/m 2 ). Data collected from subjects not completing the protocols were excluded from group analysis.
Systemic Hemodynamic and Respiratory Responses
The group data (means Ϯ SE) for hemodynamic and respiratory responses due to combined forearm exercise and hypoxia with each drug infusion (protocols 1 and 2) are shown in Table 1 . As expected, during both protocols, heart rate and minute ventilation increased as a consequence of systemic hypoxia and incremental forearm exercise. There were no differences in mean arterial pressure between normoxia and hypoxia within drug infusions for both protocols (Table 1) . By design, there were no differences in end-tidal CO 2 between conditions for both protocols (Table 1) . Table 2 shows group data (means Ϯ SE) for forearm hemodynamics at rest and with increasing exercise intensity during control saline and aminophylline infusion (protocol 1) and phentolamine and combined phentolamine and aminophylline (protocol 2). Protocol 1. Systemic hypoxia increased resting FBF and FVC (relative to normoxic baseline values) during the control saline infusion (P Ͻ 0.05). Likewise, ⌬FBF and ⌬FVC (relative to normoxic baseline values) to incremental hypoxic exercise were higher compared with normoxic exercise of the same intensity during the control saline infusion (main effect of hypoxia, P Ͻ 0.05; Fig. 2, A-D) . The intra-arterial administration of aminophylline increased normoxic baseline (resting) and 10% MVC exercise blood flows above the values observed during control saline infusion (P Ͻ 0.01; Table 2 ). However, ⌬FBF or ⌬FVC during normoxic forearm exercise with aminophylline administration was not different than the changes observed during control saline infusion (P Ͼ 0.05; Table 2 ). Values are means Ϯ SE; n ϭ 8 subjects in protocol 1 and 10 subjects in protocol 2. MAP, mean arterial pressure; HR, heart rate; BTPS, body temperature pressure saturated. *Main effect of hypoxia, P Ͻ 0.05 vs. normoxia; †P Ͻ 0.05 vs. the previous intensity; ‡P Ͻ 0.05 vs. control (protocol 1) or phentolamine (protocol 2) administration.
Forearm Exercise
Notwithstanding the aminophylline-induced elevation in resting blood flow, ⌬FBF due to acute systemic hypoxia at rest was 10 Ϯ 4 and 49 Ϯ 23 ml/min during the saline and aminophylline infusions, respectively (P ϭ 0.11). ⌬FVC due to systemic hypoxia was 9 Ϯ 4 and 64 Ϯ 29 ml ⅐ min Ϫ1 ⅐100 mmHg Ϫ1 for the saline and aminophylline infusions, respectively (P ϭ 0.09). Aminophylline administration did not reduce either ⌬FBF (P ϭ 0.4) or ⌬FVC (P ϭ 0.5) during hypoxic forearm exercise at 10% MVC (Fig. 2, A and B) compared with control saline. Similarly, during hypoxic exercise at 20% MVC, aminophylline infusion did not statistically reduce ⌬FBF (P ϭ 0.2) or ⌬FVC (P ϭ 0.3; Fig. 2, C and D) . This finding was not due to ineffective drug dosage, as adenosine receptor inhibition was confirmed via exogenous adenosine infusions after the aminophylline administration (P Ͻ 0.05; see Fig. 4, A and B) .
Forearm V O 2 increased (P Ͻ 0.05) to 24 Ϯ 3 and 37 Ϯ 6 ml/min with normoxic exercise at 10% and 20% MVC, respectively, during the control saline infusion. This was similar to V O 2 values obtained during hypoxic exercise (17 Ϯ 6 and 40 Ϯ 6 ml/min for 10% and 20%, respectively, P Ͻ 0.05 for exercise intensity). During the aminophylline administration, forearm V O 2 increased (P Ͻ 0.05) to 27 Ϯ 4 and 36 Ϯ 6 ml/min with normoxic exercise at 10% and 20% MVC, respectively. Values obtained during normoxic exercise with aminophylline infusion were similar to those obtained during hypoxic exercise (24 Ϯ 7 and 38 Ϯ 7 ml/min for 10% and 20%, respectively, P Ͻ 0.05 for exercise intensity). There were no difference in V O 2 between control saline and aminophylline infusions.
Protocol 2. At rest, phentolamine infusion increased baseline blood flow to 197 Ϯ 28 ml/min. This was higher than resting baseline FBF values obtained during the control saline infusion from protocol 1 (P Ͻ 0.01) and similar to baseline FBF values observed during aminophylline infusion (P ϭ 0.24, independent measures ANOVA). Systemic hypoxia increased resting FBF and FVC during the phentolamine infusion (P Ͻ 0.05). That is, in the absence of overlying vasoconstriction, ⌬FBF and ⌬FVC due to hypoxia at rest were 124 Ϯ 31 and 124 Ϯ 29 ml ⅐min Ϫ1 ⅐100 mmHg Ϫ1 , respectively. Likewise, ⌬FBF and ⌬FVC during incremental hypoxic exercise were higher compared with normoxic exercise of the same intensity with phentolamine infusion (main effect of hypoxia, P Ͻ 0.05; Fig. 3, A-D) .
The combined phentolamine and aminophylline infusion increased baseline resting and exercise (10% and 20% MVC) blood flows compared with values observed during phentolamine alone (P Ͻ 0.05; Table 2 ). However, ⌬FBF or ⌬FVC during normoxic forearm exercise with combined phentolamine and aminophylline administration was similar to the changes observed during phentolamine alone (P Ͼ 0.05; Table  2 ). Systemic hypoxia increased resting FBF and FVC during phentolamine and aminophylline infusion (P Ͻ 0.05; Table 2 ). ⌬FBF due to hypoxia at rest (148 Ϯ 20 ml/min) during the combined phentolamine and aminophylline infusion was similar to ⌬FBF during phentolamine alone (P ϭ 0.31). Furthermore, ⌬FVC due to hypoxia at rest (166 Ϯ 19 ml/min) during combined phentolamine and aminophylline administration was not different than ⌬FBF during phentolamine alone (P ϭ 0.11).
During hypoxic exercise, inhibition of overlying vasoconstriction via phentolamine infusion led to a significant vasodilation (⌬FBF and ⌬FVC) at 10% and 20% MVC (Fig. 3, A-D) . However, the combination of phentolamine and aminophylline did not blunt ⌬FBF (Fig. 3, A and C) or ⌬FVC (Fig. 3, B and D) relative to incremental hypoxic exercise with phentolamine alone. This finding was not due to ineffective blockade of adenosine receptors, because the vasodilation elicited by exogenous adenosine infusions after combined phentolamine and aminophylline administration was blunted (P Ͻ 0.05; Fig. 4, C and D) . Forearm V O 2 increased (P Ͻ 0.05) to 28 Ϯ 5 and 48 Ϯ 7 ml/min with normoxic exercise at 10% and 20% MVC, respectively, during the phentolamine administration. This was similar to V O 2 values obtained during hypoxic exercise (29 Ϯ 5 and 47 Ϯ 5 ml/min for 10% and 20%, respectively, P Ͻ 0.05 for exercise intensity). During the combined phentolamine and aminophylline administration, forearm V O 2 increased (P Ͻ 0.05) to 19 Ϯ 3 and 39 Ϯ 5 ml/min with normoxic exercise at 10% and 20% MVC, respectively. In protocol 2, the values obtained during normoxic exercise with combined phentolamine and aminophylline infusion were similar to those obtained during hypoxic exercise (17 Ϯ 4 and 37 Ϯ 8 ml/min for 10% and 20%, respectively, P Ͻ 0.05 for exercise intensity). There were no statistical differences in V O 2 between phentolamine and combined phentolamine and aminophylline infusions.
Blood gases and Catecholamines
Protocol 1. Systemic hypoxia reduced arterial PO 2 (P Ͻ 0.01) and arterial O 2 content (P Ͻ 0.01) at rest and with incremental forearm exercise. An increased O 2 extraction during normoxic exercise led to a similar arteriovenous O 2 difference between the control and aminophylline infusions, despite mildly lower arterial O 2 content with aminophylline (Table 3) . During hypoxic exercise, values for venous O 2 content (extraction of O 2 ) were similar between aminophylline and control infusions, which led to a lower arteriovenous O 2 difference associated with hypoxic exercise during aminophylline administration (P Ͻ 0.05; Table 3 ).
Systemic hypoxia increased arterial epinephrine during control saline and aminophylline infusions (P Ͻ 0.05; table 4). Further changes in arterial epinephrine did not occur with incremental exercise with control saline administration for both normoxic and hypoxic conditions (P ϭ 0.18). However, arterial epinephrine increased progressively with hypoxic exercise intensity during aminophylline administration (P Ͻ 0.05). Systemic hypoxia did not increase norepinephrine spillover (P ϭ 0.52); however, norepinephrine spillover was higher with incremental hypoxic exercise during aminophylline infusion (P Ͻ 0.01; Table 4 ).
Protocol 2. Systemic hypoxia reduced arterial PO 2 (P Ͻ 0.01) and arterial O 2 content (P Ͻ 0.01) at rest and with increasing exercise intensity. There was a statistical main effect of drug infusion on arterial O 2 content. That is, the combined phentolamine and aminophylline administration reduced arterial O 2 content at rest and incremental exercise under normoxic and hypoxic conditions compared with phentolamine alone (P Ͻ 0.05; Table 3 ). In contrast to protocol 1, extraction of O 2 was similar during normoxic and hypoxic exercise with phentolamine and combined phentolamine and aminophylline infusions. This led to a significantly reduced arteriovenous O 2 difference (mainly attributable to arterial O 2 content) with the phentolamine and aminophylline condition compared with phentolamine alone (P Ͻ 0.05). The observed difference between drug infusions was likely due to baseline flow discrepancies, as V O 2 values were statistically similar.
Systemic hypoxia increased arterial epinephrine at rest and incremental exercise during both phentolamine and combined phentolamine and aminophylline infusions (P Ͻ 0.05; Table  4 ). There was a statistical main effect of drug infusion on arterial epinephrine concentration during normoxic exercise. That is, the combined phentolamine and aminophylline infusion resulted in higher levels of arterial epinephrine at each level of exercise during normoxia (P Ͻ 0.01). There was a main effect of drug on norepinephrine spillover. Norepinephrine spillover was higher during incremental normoxic and hypoxic exercise with the combined phentolamine and aminophylline infusion (P Ͻ 0.01). Fig. 4 . ⌬FBF and ⌬FVC due to incremental adenosine administration during saline and aminophylline administration (protocol 1, n ϭ 8) and during phentolamine administration and combined phentolamine and aminophylline administration (protocol 2, n ϭ 10). In protocol 1, the adenosine receptor antagonist (aminophylline) reduced FBF (A) and FVC (B) at all doses of exogenous adenosine compared with control (saline). In protocol 2, combined ␣-adrenoceptor inhibition (phentolamine) and the adenosine receptor antagonist (aminophylline) reduced FBF (C) and FVC (D) at all doses of exogenous adenosine compared with phentolamine alone. *P Ͻ 0.05 vs. aminophylline (protocol 1) or combined phentolamine and aminophylline (protocol 2); †main effect of adenosine dose, P Ͻ 0.05.
DISCUSSION
The primary novel finding from this study is that adenosine receptor inhibition with aminophylline (confirmed with the exogenous adenosine administration; Fig. 4 ) failed to reduce the augmented hypoxic vasodilation in human skeletal muscle during forearm exercise. Thus, adenosine is not obligatory for the augmented vasodilation seen during hypoxic exercise in humans. This was observed both with (protocol 1) and without (protocol 2) overlying ␣-adrenergic vasoconstriction, suggesting that the enhanced sympathetic outflow associated with systemic hypoxia (21, 34, 35) did not mask any underlying adenosine-mediated vasodilation.
In addition to the findings obtained during hypoxic exercise, our data suggest hypoxia-induced skeletal muscle vasodilation in resting humans does not require an adenosine component. This finding contrasts with the conclusions of Leuenberger et al. (22) , who previously reported that adenosine contributes to hypoxia-induced forearm vasodilation in resting humans. These inconsistent results may be explained by the differing approaches to analysis used in the two studies. In the report from Leuenberger et al. (22) and in the present study, aminophylline alone increased baseline resting blood flow during normoxia. Leuenberger et al. (22) reported changes in muscle blood flow relative (%change) to normoxic baseline values during aminophylline administration. In the present study, we reported absolute changes in muscle blood flow from normoxic baseline during aminophylline administration. If we were to calculate our FBF data as a percentage of baseline blood flow during control saline administration, hypoxia increased FBF at rest by 21 Ϯ 8% relative to the normoxia baseline. Hypoxia increased FBF by 40 Ϯ 20% relative to the normoxia baseline during aminophylline administration. Thus, comparing our data during hypoxia at rest relative to normoxia baseline values during drug infusions does not change our conclusions.
In this investigation, intra-arterial phentolamine (protocol 2) increased baseline FBF similar to aminophylline alone (protocol 1; Fig. 2 ), which allowed us to mathematically compare percent changes in FVC during hypoxia to a "flow control" obtained during ␣-adrenergic inhibition. As an example, during the control saline administration (protocol 1), hypoxic exercise at 10% MVC increased FVC by 357 Ϯ 56% from normoxia baseline values. With phentolamine administration alone, hypoxic exercise at 10% MVC increased FVC by 157 Ϯ 19% relative to the normoxia baseline (protocol 2). However, the absolute changes in forearm flow or conductance were similar in the two conditions. Therefore, we chose to report the absolute change in muscle blood flow and conductance from the normoxic baseline and believe that these values mostly represent the vasodilator responses during exercise and systemic hypoxia. Along these lines, it was shown in the 1950s 
Values are means Ϯ SE; n ϭ 8 subjects in protocol 1 and 10 subjects in protocol 2. *Main effect of hypoxia, P Ͻ 0.05 vs. normoxia; †P Ͻ 0.05 vs. the previous intensity; ‡P Ͻ 0.05 vs. control (protocol 1) or phentolamine (protocol 2) administration. that when baseline FBF was intentionally increased before handgrip exercise, the elevated baseline flow had no effect on the change in flow caused by exercise (28) .
Potential Mechanisms for Augmented Exercise Hyperemia During Hypoxia
Our previous report (40) and that of Weisbrod et al. (38) demonstrated the contribution of systemic epinephrine release as a signal for augmented hypoxic vasodilation at rest. We extended these findings to describe the intensity-dependent contribution of ␤-adrenergic vasodilation during hypoxic exercise (40) , where the direct contribution of epinephrine to the augmented hypoxic exercise hyperemia decreases with increasing exercise intensity. We suggested a local vasodilator signal or signals would be responsible for the precisely controlled matching of O 2 delivery to demand and to compensate for the reduction in the ␤-adrenergic-mediated component.
The results from the present study suggest that adenosine release is not a major local vasodilator signal ensuring appropriate matching of O 2 delivery to demand. Along these lines, ␤-adrenergic receptor-mediated NO release is known to contribute to augmented hypoxic vasodilation at rest (38) , and, therefore, an enhanced release of NO via ␤-adrenergic mechanisms during adenosine receptor inhibition could maintain optimal O 2 delivery. One potential confound related to ␤-adrenergic-mediated vasodilation is that both aminophylline and ␤-adrenergic receptors affect intracellular cAMP levels via different mechanisms. Thus, aminophylline might potentially augment ␤-adrenergic-mediated vasodilation even though we have previously shown that ␤-adrenergic-mediated vasodilation does not contribute to hypoxic vasodilation during higherintensity forearm exercise.
Deoxygenation of red blood cells can lead to ATP release (2, 12, 15) . Circulating ATP from red blood cells may play a role in the augmented hypoxic vasodilation. In fact, venous plasma levels of ATP tend to be elevated with hypoxic exercise compared with normoxic exercise (12) . The release of ATP can elicit vasodilation through binding of purinergic P2Y receptors located on vascular endothelial cells. This may lead to the release of NO, prostaglandins, and/or EDHFs (11, 17, 26, 32, 39) . The circulating ATP hypothesis remains attractive because this would allow precise matching of O 2 delivery to demand.
Experimental Considerations
There are five potential limitations to our study that should be mentioned. First, in a condition where O 2 is limited, such as systemic hypoxia, an adenosine vasodilator signal normally present during exercise (14, 18 -20) may be augmented. In the present study, when ⌬FBF during hypoxic exercise was calculated from baseline values obtained during hypoxia at rest (response to exercise per se during hypoxia), there was no effect of aminophylline administration on exercise-mediated ⌬FBF or ⌬FVC.
Second, in the present study, the nonspecific adenosine receptor antagonist aminophylline (antagonizes all four adenosine receptor isoforms: A 1 , A 2A , A 2B , and A 3 ) was chosen on the basis of availability for human use. Previous data in the rat hindlimb have suggested that the adenosine-mediated compo- nent of muscle vasodilation during hypoxia is mediated by A 1 receptors (5), whereas adenosine is thought to play a role in skeletal muscle vasodilation during exercise via A 2A receptors (30) . Whether the actions of adenosine become additive when the two stimuli are combined (hypoxia and muscle contractions) is unclear. There are also potential issues related to drug and adenosine distribution. In animal models, the extravascular release of adenosine from active muscle is thought to be a signal for exercise hyperemia per se (30) . In this context, the modest effect of intraarterial aminophylline on exercise hyperemia during normoxia (24, 27, 29) and the lack of effect during hypoxic exercise might reflect an inability to block extravascular adenosine receptors using the intra-arterial administration of aminophylline. However, during systemic hypoxia in rats, intraluminal adenosine release from the endothelium appears to contribute to hypoxic vasodilation (5). Thus, there are complex issues related to the site of where any adenosine released during hypoxic exercise is originating from, and there are also issues about the intravascular versus extravascular distribution of aminophylline.
Third, as discussed above, aminophylline administration resulted in significant increases in resting baseline FBF and FVC (Table 2) . Aminophylline is a known phosphodiesterase inhibitor thus increasing cAMP levels in the vascular smooth muscle, leading to increases in FBF (37) . This elevated baseline FBF with aminophylline administration could alter the responsiveness of vascular smooth muscle during hypoxic exercise. However, we observed a similar elevation in baseline blood flow with phentolamine administration alone (protocol 2; Table 2 ) and aminophylline administration alone (protocol 1; Table 2 ). The responses to hypoxia and hypoxic exercise were also similar during either phentolamine or aminophylline; therefore, it is unlikely that the elevated baseline FBF alone during aminophylline infusion masked any changes in FBF due to adenosine receptor inhibition. Furthermore, despite the aminophylline-induced vasodilation observed in the resting forearm vasculature, we demonstrated effective adenosine receptor inhibition to exogenous adenosine infusions (Fig. 4) . If adenosine was necessary for the full expression of the augmented exercise hyperemia during hypoxia, at least some reduction in ⌬FBF or ⌬FVC should have been observed.
Fourth, the present study could not differentiate between changes in muscle and skin circulation. However, previous research has suggested that changes in FBF during hypoxia at rest are primarily due to increases in skeletal muscle, and not skin, blood flow (21). However, Heinonen et al. (13) demonstrated that adenosine plays a role in muscle blood flow heterogeneity even in the absence of changes in bulk blood flow during one-leg intermittent isometric exercise.
Finally, the goal of the intra-arterial administration of aminophylline was to isolate the effects of adenosine receptor blockade in the experimental forearm without producing systemic effects. However, we observed an exaggerated ventilatory response at rest and with exercise during aminophylline infusions in both protocols. While systemic infusion of aminophylline has been shown to increase minute ventilation (25, 36) , it also has profound effects on heart rate and blood pressure (10, 25) . In the present study, the local administration of aminophylline did not increase heart rate, blood pressure, or arterial levels of norepinephrine. Furthermore, the total amount of locally infused aminophylline used in the present study (223 Ϯ 15 mg infused over 120 min) was substantially less than the systemic bolus doses (450 -550 mg) used in previous studies (10, 25, 36) . Additionally, the timing of the hemodynamic and respiratory measurements was such that they were made after only 60 -140 mg (depending on the order of the trials) of aminophylline had been infused. Since the aminophylline trials were always performed last, the elevated minute ventilation might be a result of the second hypoxic exposure. We have observed this exaggerated ventilatory response to the second hypoxic exposure with other drugs such as phentolamine (40) and the L-arginine analog N-monomethyl-L-arginine (unpublished observations).
Conclusions
We found that adenosine receptor activation was not obligatory for the augmented vasodilation seen during hypoxic forearm exercise. This occurred in the presence and absence of overlying sympathetic vasoconstriction.
